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Abstract 
Landslides result not only from the environmental background conditions of slopes but also from triggering factors, such as rainfall 
and earthquake. Severe landslides and debris flows are common natural disasters in South Korea since it is characterized by high 
rainfall and rugged topography. A secondary effect of an earthquake could be slope instability. A 5.8-magnitude (ML) earthquake, 
the most powerful seismic activity since the nation started measuring tremors, struck the historic city of Gyeongju, North 
Gyeongsan Province, at 20:32:54 KST. The Wolsong nuclear power plant is situated in the foothills of a mountainous area about 
26 km SE of the earthquake epicenter. South Korea’s biggest historical earthquake raised the nuclear safety concerns. To assess 
regional landslide hazard under the conditions of heavy rainfall and after 5.8 ML Gyeongju earthquake, this study, a coupled 
hydrological model with infinite slope model was used to find the hillslope stability under the roles of rainfall and earthquake.  
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1. Introduction
Rainstorms are widely acknowledged as a significant landslide-triggering agent in hilly landscapes (Iverson, 2000). 
Often the landslides are a secondary effect of earthquakes, when the earthquake occurs on areas with steep terrain, the 
soil and rock falls causing landslides (Malamud et al., 2004; Keefer, 2011). In fact, destruction and fatalities due to 
earthquake-induced landslides may exceed damage directly related to a strong shaking of infrastructure. Landslide 
constitutes a major natural hazard in the Republic of Korea (hereafter Korea) due to high rates of weathering, abundant 
rainfall and infrastructure development (Pradhan and Kim, 2014). Korea is experiencing changes in climate. Due to 
these concentrated short duration and high-intensity rainfall from July to September has caused slope instability in 
Korea. The vulnerability of a nuclear power plant (NPP) subjected to an earthquake event is a major concern to the 
communities in many countries. Nuclear power plants are the main components of the electric grid in South Korea as 
well. Most of the currently operating NPPs are located close to terrain with moderate to steep slopes. Such a situation 
poses potential threats to the NPP safety from seismically-induced landslides where concentrated heavy rainfall in 
ample.  
Two moderate-sized earthquakes with local magnitudes of ML 5.1 (19:44:30 KST) and 5.8 (20:32:54 KST) 
occurred within an interval of 48 min on 12th September 2016. The 2016 Gyeongju earthquakes have now become 
forceful reminders that such events have occurred in the past and can hit the region any time (Hee et al., 2016). 
Earthquakes are occurring in an area dense with nuclear power plants.  
A large amount of research on slope stability has been carried out over the last 30 years for planning purposes. This 
research focuses on evaluating hillslope stability in the vicinity of the Wolsong NPP after the 2016 Gyeongju 
earthquake under historical heavy rainfall event which was responsible to landslide in Gyeongju in 2005. No surface 
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ruptures were reported for the Gyeongju earthquake events and no landslides due to the sudden ground shaking were 
reported but in an earthquake prone area, susceptibility assessment of hillslope stability is very important around such 
nuclear plants for safety planning, disaster management, and hazard mitigation. The effect of natural hazards on this 
type of infrastructure is a crucial issue to be considered in order to prevent or mitigate damages to property and people. 
Gyeongju is a coastal city in the far southeastern corner of North Gyeongsang Province. In this study, a catchment 
of Nasanchan river was selected as a model application site which covers 20.8 km2 area as shown in Fig 1. The average 
elevation of the catchment is 100.3 m above mean sea level. The Wolsong NPP located on the coast near down reach 
of Nasanchan river and East sea. It is the only South Korean nuclear power plant operating pressurized heavy water 
reactors. It has 4 reactors, each of these reactors has a capacity of 700 MW. The Wolsong NPP supplies about 5% of 
South Korea’s electricity.  
Fig. 1. Location map of study area 
2. Methodology
This study was performed in three steps (Fig 2): (1) collection of database such as rainfall and landslide events from
national catalog, LIDAR-based DEM (20×20m resolution), geotechnical data and seismic data during the Gyeongju 
earthquake; (2) FS was calculated using infinite slope model coupled with hydrological model considering unsaturated 
soil slope; and (3) preparation of warning model based on FS and rainfall thresholds. 
Fig. 2. Method adopted in this study 
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2.1. Infinite slope model 
Recent efforts to extend the problem of slope stability to include unsaturated conditions have considered the slope 
instability from rainfall infiltration (Iverson, 2000). This study is to derive a mathematical model for an infinite slope 
subjected to unsaturated flow above a phreatic surface considering pseudo-static model. The driving force will increase 
in proportion with the seismic acceleration. The following equation (1) is derived for the static FS, neglecting 
acceleration normal to the slope. The expression is modified after (Iverson, 2000; Lu and Godt, 2008) 
 (1) 
where c is cohesion, ϕ is friction angle, ꞵ is slope,  is pressure head, Se is effective saturation,      is soil unit weight 
     is unit weight of water, kh represents horizontal seismic coefficient to present horizontal inertia forces from 
earthquake and Z is soil depth. 
 Despite the importance of soil depth most studies have used constant depth ignoring its spatial variability 
(Kuriakose et al., 2009). In this study soil depth was estimated by using internal-relief (IR) model (Pradhan et al., 
2018). The IR corresponds to local height differences within a unit area and expressed as in equation (2) 
              (2) 
In this equation, Z is computed at each pixel (i), Depthmax and Depthmin are the maximum and minimum values of soil 
depth measured at the study area, and IRmax and IRmin are the maximum and minimum IR values at the study area, 
respectively. 
2.2. 3D subsurface flow model 
In this study, a 3D subsurface flow model was applied which was formulated by Richards (1931) as given in 
equation (3).  
(3) 
where ψ is the pressure head (m), θ is volumetric moisture content (m3/m3), K is hydraulic conductivity (m/s), t is time 
(s), z is the vertical dimension (m), and q is general source including rainfall (m3/m3/s). Equation (3) is discretized 
within finite volume framework. An orthogonal horizontal and non-orthogonal vertical mesh.  
A van Genuchten’s soil water retention curve (van Genuchten, 1980) and Mualem’s unsaturated hydraulic 
conductivity functions (Mualem, 1976) were used as follows:  
 (4) 
where θs and θr are saturated and residual moisture content. 
                                                                             (5) 
where α and nv are van Genuchten parameters whose values depend on the soil properties, and Ks is the saturated 
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3. Results and discussion
3.1. Data preparation 
The peak ground acceleration (PGA) data were collected from the Korea Meteorological Administration (KMA). 
For this purpose, seismograph from seismic stations namely ADO2, CSO, CHS, PHA2, YOCB, DAG2, and USN 
were used to calculate PGA and interpolated the real-time maximum acceleration during Gyeongju earthquake as 
presented in Fig 3. It is evident that it would be too conservative to use peak ground acceleration (PGA) because PGA 
lasts for a very short time and appears only once in the record. Therefore, instead of PGA, a fraction of it, kh=ξ×PGA/g 
is used. Different magnitudes of ξ between 0.2 (for sites near faults, violent and destructive earthquake)–0.65 (for 
intermediate slide mass) were proposed by Matasovic (1991). This study used 0.65 as ξ.     
Fig. 3. PGA distribution during the Gyeongju earthquake 
The soil depth is another important factor in an assessment of slope stability (Dietrich et al., 1995). The soil depth 
of the study area was estimated by using internal-relief model (Pradhan et al., 2018). The model showed that the soil 
depth is ranging from 0.1–3 m in the study area. From the national rainfall-induced landslide catalog, there was a 
landslide event in 2005 September 6 in Gyeongju area. The rainfall distribution during 2005 landslide event is 
presented in Fig (4a).  
Fig. 4. (a) Hourly rainfall distribution during 2005 landslide event in Gyeongju (Red line is cumulative rainfall) and (b) ID rainfall threshold 
(broken line is rain path during the landslide event)  
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For this study, a national landslide inventory was prepared using data from the NDMI (National Disaster 
Management Institute), various reports, and newspapers. Rainfall data were collected from the Korea Meteorological 
Administration. A total of 255 landslide events occurring in 1999–2012 were collected; among them, only 224 events 
were identified as rainfall-triggered landslides in weathered soil in South Korea. We used a threshold curve in the 
form of I = α D−β, where α and β are constants, following the work of various researchers (Caine, 1980; Glade et al., 
2000; Jakob and Weatherly, 2003; Aleotti, 2004; Chien-Yuan et al., 2005; Dahal and Hasegawa, 2008; Brunetti et al., 
2010), to determine rainfall thresholds. The critical intensity (I) and duration (D) for each event were plotted on a log-
log diagram (Fig. 4b) to define rainfall threshold with durations between 2 and 77 h. The critical duration of 2005 
Gyeongju landslide event was calculated from the collected catalog and it was found to be 22 hrs and cumulative 
rainfall was calculated as 192.5 mm in 22 hrs. Warning levels were selected on the basis of the 5th percentile, 20th 
percentile, and 50th percentile. They were classified as ‘null’ (below the 5th percentile), ‘watch’ (5th–20th percentile), 
‘attention’ (20th–50th percentile), and ‘alarm’ (above the 50th percentile) warning levels.  
Table 1 represents the geotechnical parameters including friction angle, unit weight and cohesion for each 
geological units.  
Table 1. Soil data 
Lithology ϕ (°) γ (kg/m3) C (kg/m2) 
Shale 22 2501 2549 
Alluvium  0 1600 0 
Granite  33 2700 3161 
Andesite  33 3000 3161 
Diluvial  0 1600 0 
Amphibolite granite 33 2700 3161 
Granite porphyry 33 2700 3161 
Marl and sandstone 40 2000 2651 
Saturated hydraulic conductivity (Ks) was set as 1.3E-05. Saturated and residual moisture content are 0.5 and 0.18, 
adopted from Park et al. (2013). Van Genuchten parameters α and nv were set as 20 (m-1) and 1.4.  
3.2. Model application 
After preparing database, the model was applied to calculate FS using hourly rainfall data. The simulation time was 
set as 17:00 (KST) of 5th September 2005 (rainfall start) to 14:00 (KST) of 6th September 2005 (landslide event time). 
The FS maps were classified as FS<1, 1–1.25, 1.25–1.5 and >1.5. From the simulation, a range of FS corresponding 
to hourly rainfall can be obtained as shown in Fig 5. The results shows, as the rainfall duration increases the 
corresponding hillslope instability also increases. Most of the areas were in a stable condition until the heavy rainfall 
on the 6th from 9 a.m. to 2 p.m. After 9 a.m. on 6th, the pore-water pressures in the bottom soil layer changed drastically, 
causing a rapid change in the FS. At 2 p.m., almost all the areas became saturated, and minimum FS values were 
estimated. The present study assumes the worst case condition considering pseudo-static seismic condition.  
On the basis of hourly estimated FS, the rainfall threshold based FS can also be calculated. Figure 6 shows the 
warning level maps which are the cutoff rainfall path at 5th percentile, 20th percentile and 50th percentile rainfall 
thresholds following rainfall path. Dry condition yielded no unstable pixels (Fig. 6a). 5% exceedance probability, the 
unstable area increased to 0.28%. Under this particular condition, the area with FS < 1 can be considered a “watch” 
warning level (Fig. 6b). With 20% exceedance probability, the unstable area increased to 5.76%, and these unstable 
areas can be assigned to the “attention” warning level (Fig. 6c). Similarly, at a rainfall threshold of 50%, the unstable 
area was 20.52% (Fig. 6d); this area is assigned the “alarm” warning level. Table 2 shows the comparison between FS 
at four warning levels considering seismic coefficient and without considering seismic coefficient.  
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Fig. 5. Factor of safety distribution corresponding to hourly rainfall (only selected results are shown in this figure) 
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Table 2. Comparison between areas of FS 
Factor of safety 
Area % considering static seismic coefficient Area % without considering seismic coefficient 
5% threshold 20% threshold 50% threshold 5% threshold 20% threshold 50% threshold 
FS <1 0.28 5.76 20.72 0.08 3.51 10.7 
FS 1-1.25 6.12 20.8 33.8 2.62 19.1 25.8 
FS 1.25-1.5 30.1 33.34 33.5 32.1 33.7 33.1 
FS >1.5 63.5 40.1 11.98 65.2 43.69 30.4 
From these calculations, two types of landslide warning can be issued in the catchment. First is using minimum FS 
and second is using rainfall threshold warnings. We assumed that FS 1.05 is critical level, in that case when minimum 
FS crosses the FS value 1, and then a warning can be issued. This warning can be issued 1h 30 min before the landslide 
event. Second type of warning is based on 5% percentile threshold value of national inventory. It shows, the 5th 
percentile threshold occurred at 1:00 PM 6th September. And considering FS 1.05 a critical level, in that case warning 
can be issued 2h 10 min before the landslide event.  
Fig. 7. Warning for landslide event 
4. Conclusions
This research is based on a hypothesis “Past and present is key to the future.” Two extreme events were used in
this research, one is 5.8 ML Gyeongju earthquake and extreme rainfall event in 2005 September. Rainstorm and 
earthquake are significant landslide triggering agents in hilly landscape. The present model can be applied to calculate 
FS based on hourly rainfall in seismically affected hillslopes. The warning maps such as null, watch, attention and 
alarm maps were calculated on the basis of cutoff values of rainfall path and rainfall threshold warnings. The warning 
can be issued either 1h 30min (based on minimum FS) or 2h 10min (based on rainfall threshold warning levels) before 
landslide event. The outcome of the model can be used as a EWS to encourage local authorities and the population to 
monitor rainfall variation, such that the local population may be alerted to avoid or evacuate threatened area. 
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